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a  b  s  t  r  a  c  t
A  comparative  study  was  carried  out  to evaluate  the  effects  of  two  water  irrigation  sources  on the  quality
and  microbiological  safety  of tomato  plants  and  fruit, and on the  microbiological  soil properties:  irrigation
with groundwater  (GW)  and  with  treated  agro-industrial  wastewater  (TW).  In a  ﬁeld experiment  in
southern  Italy  (Apulia  region),  the physico-chemical  characteristics  of the  irrigation  waters  and  the  fruit
quality  parameters  were  determined.  Escherichia  coli,  fecal  Enterococci  and  Salmonella  spp. were also
monitored  in  the  irrigation  waters,  tomato  plant  and  fruit,  and  root-zone  soil.  Bacteriological  analysis  for
total heterotrophic  counts  (THCs)  were  determined  for  plant,  fruit,  and  soil samples.  The  irrigation  water
source  did  not signiﬁcantly  affect yield  quantitative  traits.  However,  with  GW, the  marketable  fruit  yield
was higher  than  with TW  (∼82 vs. ∼79 Mg  ha−1, respectively).  For  both  irrigation  treatments,  the  most
important  qualitative  parameters  that  characterize  the processing  tomato  fruit (i.e.,  dry  matter  content,
pH, soluble  solid  content,  color  parameters)  were  in agreement  with reports  in the  literature.  For  the
microbiological  results,  the  mean  levels  of E.  coli and fecal  Enterococci  were  4408  and  3804  CFU  100  ml−1,
respectively,  for TW  (above  the Italian  guidelines  for TW  re-use).  For  the tomato  plant  and  fruit,  no  E.  coli
isolated  in either,  and  fecal  coliforms  and  THC  were  not  inﬂuenced  by the irrigation  waters  (P >  0.05).
Total  bacterial  enumeration  by  quantitative  PCR was  lower  in  soil  irrigated  with  GW, than  TW  (3.69  vs.
4.02,  ×106, respectively).  Moreover,  soil  microbial  community  patterns  substantially  differed  between
the  two water  treatments.  These  data  show  that  while  fecal  indicators  are  not affected,  the  community
composition  and  dynamics  of  the whole  bacterial  population  in soil  is  inﬂuenced  by  the  different  qualities
of  these  waters  used  for irrigation.
ublis© 2014  The  Authors.  P
. Introduction
The re-use of wastewater in agriculture is gaining wider accep-
ance in many parts of the world. It represents an agronomic option
hat is increasingly being investigated and taken up in regions with
ater scarcity, growing urban populations, and rising demand for
rrigation water (Meli et al., 2002; FAO, 2011). Many irrigated areas
round the world are experiencing water shortages due to sev-
ral factors, such as climate change and surface and groundwater
ollution. Water scarcity poses serious economic, social and even
olitical concerns in all of its aspects. Under these circumstances,
∗ Corresponding author. Tel.: +39 0881 589238.
E-mail address: giuseppe.gatta@unifg.it (G. Gatta).
ttp://dx.doi.org/10.1016/j.agwat.2014.10.016
378-3774/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unhed  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
treated wastewater use can help to mitigate the damaging effects
of local water deﬁcits (FAO, 2010).
Treated wastewater not only offers an alternative water
irrigation source, but also the opportunity to recycle plant nutri-
ents (Chen et al., 2008). Its application might ensure the transfer of
fertilizing elements, such as nitrogen (N), phosphorous (P), potas-
sium (K+), organic matter, and meso-nutrients and micro-nutrients,
into agricultural soil (WCED, 1987). Hence, wastewater nutrients
can contribute to crop growth, although there is a need for their
periodic monitoring, to avoid any imbalance in the nutrient sup-
plies, which might cause excessive vegetative growth, uneven
plant and/or fruit maturity, and/or reduced qualitative/quantitative
aspects of yields (Pedrero et al., 2010).
Treated wastewater can also be a source of pathogenic orga-
nisms and potentially hazardous chemical substances, such as
enteric bacteria and viruses, salts, heavy metals, and surfactants.
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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hese might then accumulate in the soils, with unfavorable effects
n crop quality and productivity, and on the ecological soil con-
itions (Siebe and Cifuentes, 1995; Chen et al., 2008). One of the
ajor concerns with wastewater re-use is the risk of the trans-
er of pathogenic microorganisms that represent a potential risk
o human health if they enter the food chain (Al-Lahham et al.,
003; Salgot et al., 2006; Toze, 2006; Palese et al., 2009). Indeed,
any studies have shown that microbiological contamination can
e a major issue for the re-use of treated agricultural wastewa-
er (Rubino and Lonigro, 2008; Lopez et al., 2010; Patterson et al.,
011; Vivaldi et al., 2013). To maximize the beneﬁts and at the same
ime, to minimize the risks related to the use of treated wastewater,
nternational policies and uniform legislative frameworks should
e adopted.
In Italy, the agricultural use of reclaimed wastewater (munic-
pal and agro-industrial) is regulated by Ministerial Decree no.
85/2003. With regard to microbiological contamination levels in
articular, this Decree has deﬁned some signiﬁcantly lower thresh-
ld values (e.g., Escherichia coli,  <10 CFU 100 ml−1 in 80% of the
amples) than those included in international guidelines. These
hreshold values can be considered highly restrictive, because the
isk of contamination has been reported to be low when contam-
nation of irrigation water does not exceed 1000 CFU ml−1 (WHO,
006; Blumenthal et al., 2000).
Studies have been carried out in southern Italy relating to
reated urban wastewater re-use for the irrigation of crops (Pollice
t al., 2004; Lonigro et al., 2007; Lopez et al., 2007). These have
ncluded wastewater with microbiological contamination levels
igher than those required by the current legislation, and they
ave indicated the opportunity to increase the threshold values
n the Italian guidelines. Therefore, there is the need for further
tudies to better deﬁne acceptable microbiological contamination
evels of different sources of irrigation water as used on different
rops. These should also take into account wastewater treatment,
rrigation methods, and cultivation practices.
The majority of the studies conducted on wastewater appli-
ations in agriculture have focused mainly on reclaimed urban
fﬂuents. The aim of the present study was to determine the effects
f secondary treated agro-industrial wastewater on tomato crop
erformance. In particular, the objectives of the study were: (i) to
valuate the effects of the wastewaters on qualitative and quantita-
ive aspects of tomato crop production; (ii) to assess the impact of
he wastewaters on the microbiological contamination of tomato
ruit and the microbiological soil properties.
. Materials and methods
.1. Field characteristics and agronomic conditions
This ﬁeld trial was carried out with the tomato (Solanum lycop-
rsicum L.; formerly Lycopersicon esculentum Mill.) cultivar ‘Manyla’
Semillas Fitò, Spain) during the growing season of 2012 (April to
ugust). It took place in an agricultural area in the Foggia district
Stornarella: 41◦ 15′N, 15◦ 44′E; altitude, 154 m a.s.l.) of the Apu-
ian region in southern Italy, on a site belonging to the Fiordelisi
gricultural and food manufacturing company, which produces
nd processes vegetables. The tomato plants were grown under
 net house structure, covered with an anti-hail net, in six identical
5 m × 30 m plots that were located near to the company wastewa-
er treatment plant.
The experimental area is characterized by a Mediterranean
limate, with long-term mean annual rainfall of 590 mm,  which is
ainly distributed from October to April (Caliandro et al., 2005).
he mean monthly main climate parameters recorded during the
rial are reported in Table 1. These were measured by a weather
tation near to the experimental area, and stored on a nearbyanagement 149 (2015) 33–43
data-logger (Campbell Scientiﬁc, USA). The mean maximum and
mean minimum temperatures during the growing season were
34.5 ◦C and 8.5 ◦C, respectively, and the total rainfall was 108.4 mm,
of which about 62% (67.0 mm)  occurred in the ﬁrst month of the
growing season.
The trial was  carried out in a clay loam soil (United States
Department of Agriculture classiﬁcation), with a ﬁeld capacity
(−0.03 MPa) of 30.5% dry weight (dw), a wilting point (−1.5 MPa)
of 15.9% dw, and a bulk density of 1.41 Mg  m−3. The main charac-
teristics of the soil layer of the experimental site (0–60 cm) are as
follows: sand, 40.1%; loam 32.5%; clay 27.4%; organic matter 1.6%;
Olsen P2O5, 80.1 mg  kg−1; Ac-extractable K2O, 730 mg  kg−1; total
N, 0.8‰ (Kjeldahl); mineral NO3–N, 4.75 mg  kg−1; mineral NH4–N,
7.50 mg  kg−1; pH 7.9; electrical conductivity, 0.49 dS m−1.
The tomato seedlings were transplanted into the plots on April
12, 2012, in mulched paired rows (40 cm apart) spaced at 250 cm,
with the plants at a distance of 30 cm apart along each single row.
The ﬁnal plant density was  2.7 plants m−2. The plants were grown
in a vertical setting, using nylon threads disposed between plants
collar and iron wires arranged longitudinally in the direction of the
plant rows, and ﬁxed to the upper part of the nethouse, at 2.5 m
from the ground.
During the cropping season, standard agronomic practices for
tomato crops in the area were performed. The soil was subsoiling
to a depth of 45 cm,  and before transplanting, its surface was  milled.
Pre-transplanting fertilization was applied to the soil by distribut-
ing 35 kg ha−1 N and 70 kg ha−1 P2O5. Throughout the crop cycle,
75 kg ha−1 N and 100 kg ha−1 P2O5 were added through fertirri-
gation. Pest and weed control were performed according to local
management practices.
The tomato fruit were hand harvested at full stage maturity. Four
harvestings were performed from June to August, on the days after
transplanting of: 82 (HD1), 96 (HD2), 110 (HD3) and 124 (HD4).
2.2. Treatments and experimental design
Two experimental irrigation treatments were applied to the
tomato plants: irrigation with groundwater (GW), and irrigation
with treated agro-industrial wastewater (TW). The GW was  from
a water source that is commonly applied for crop irrigation in
the experimental area. The TW used in this study was taken from
the wastewater treatment plant that puriﬁes all of the wastewa-
ter produced by the company during their industrial processing
of vegetables (i.e., tomatoes, egg plants, courgettes, peppers). It
is an activated sludge wastewater treatment plant that produces
an annual volume of efﬂuent of approximately of 46,500 m3. The
incoming wastewaters undergo a preliminary treatment through
a 6-mm sieve screen, to separate out the coarse organic waste.
The efﬂuent water then goes into an equalization tank, for the
secondary biological treatment. At the end of this phase, the waste-
water is clariﬁed in a secondary settler, and the sludge is separated
out. For the present study, part of the treated wastewater not sub-
jected to chlorine treatment was  directed into the experimental
area through a 100-mm diameter PVC pipe, and stored in a 3000-l
tank; subsequently, it was  used for the tomato irrigation.
The experiment was  laid out in a randomized complete block
design with the two irrigation treatments each replicated three
times (Fig. 1). A drip irrigation system was  used for the crop
irrigation. This comprised a single pipe, with drippers at a 2 l h−1
ﬂow rate spaced every 40 cm,  and it was  arranged in the middle of
each paired row. Except for the ﬁrst irrigation that was  designed
for the rooting and establishment of the plants, the following irri-
gations were performed with each water treatment every time the
available soil moisture was depleted to the threshold value of 40%
(Allen et al., 1998). This irrigation scheduling took into account con-
tinuous measurements of volumetric soil water content changes at
G. Gatta et al. / Agricultural Water Management 149 (2015) 33–43 35
Table  1
Main climatic parameters recorded during the growing season of the tomato crops (2012).
Month Climatic parametera
Tmin (◦C) Tmax (◦C) RHmin (%) RHmax (%) P (mm) Ws  (m s−1) Ev (mm)
April 8.5 20.1 51.7 95.6 67.0 2.30 86.9
May  11.6 25.0 36.6 82.8 28.0 2.42 137.5
June  17.9 33.0 27.3 71.1 0.0 2.72 197.9
July  20.8 34.4 30.6 77.1 8.4 2.43 195.3
August  20.2 34.5 29.4 81.4 5.0 2.10 176.5
Growing season 15.8 29.4 35.1 81.6 108.4 2.40 794.1
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ta Tmin, Tmax, monthly minimum, maximum air temperature; RHmin, RHmax, month
ind  speed; Ev, total “class A” pan evaporation.
he effective rooting depth (soil layer depths: 0–10, 10–20, 20–30,
0–40, 40–50 cm), using frequency domain reﬂectometry probes
EasyAG, Sentek Sensor Technologies), which were installed in each
lot prior to the crop transplanting. At each irrigation, the soil water
ontent of each plot was increased to ﬁeld capacity. The amount of
rrigation water applied to the tomato crop during the whole crop
ycle was 4957 m3 ha−1, with the water volume at each irrigation
arying from 100 m3 ha−1 to 300 m3 ha−1, depending on the growth
tage of the crop.
.3. Water, soil, plant and fruit sampling
GW and TW samples were collected at monthly intervals
hroughout the crop irrigation period, to characterize the physico-
hemical and microbiological properties of these irrigation waters.
hree samples of the GW and TW irrigation sources were collected
Fig. 1) in sterile 1000-ml glass bottles, and transported to the lab-
ratory in refrigerated bags. The samples collected were kept in a
efrigerator at +4 ◦C, and examined within 24 h of their collection.
Soil samples were collected in triplicate from the GW and TW
lots, six times throughout the cropping season. All of the soil sam-
les were taken from a 30 cm layer in each plot, from under the
rippers, and they were air-dried, crushed, and passed through a
 mm sieve before the chemical analysis. Tomato plant samples
ere collected at the same time, in triplicates for each experimental
reatment.
Fig. 1. Layout of the experimental ﬁnimum, maximum relative air humidity; P, total precipitation; Ws,  monthly mean
The fruit sampling was  performed at each of the four harvest-
ing dates (about two  days after irrigation crop) in an experimental
plot of 20 m2, by picking all of the mature fruit. The plants and har-
vested fruit were transported immediately to the laboratory for the
chemical and microbiological analyses.
2.4. Water, soil and fruit chemical analysis
2.4.1. Water chemical analysis
The irrigation water samples were analyzed in triplicate,
according to the Italian standard methods (APAT IRSA-CNR,
2003), which refer to the common international methods (APHA-
AWWA-EF, 2005). The analysis included the physico-chemical
parameters of pH, electrical conductivity (ECw; dS m−1), total sus-
pended solids (TSS; mg  l−1), biological oxygen demand over 5
days (BOD5; mg  l−1), chemical oxygen demand (COD; mg l−1),
ammonium-nitrogen (NH4–N; mg  l−1), nitrate-nitrogen (NO3–N;
mg l−1), nitrite-nitrogen (NO2–N; mg l−1), phosphorus (PO4-P;
mg l−1), sodium (Na+; mg l−1), calcium (Ca2+; mg  l−1), magnesium
(Mg2+; mg  l−1), potassium (K+; mg  l−1), carbonates (CO32−; mg  l−1),
bicarbonates (HCO3−; mg  l−1), sulphate (SO4−; mg l−1), sodium
adsorption ratio (SAR) and water hardness (mg  l−1 CaCO3).The pH was measured using a GLP 22+ pH & Ion Meter (CRISON
INSTRUMENTS, Spain) and the electrical conductivity with a GLP
31+ EC-Meter (CRISON INSTRUMENTS, Spain). The Na+, Ca2+, Mg2+,
and K+ levels were determined by ion-exchange chromatography
eld and the irrigation systems.
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Dionex ICS-1100, Dionex Corporation, Sunnyvale, CA, USA). The
SS was determined after ﬁltration of the water samples through
.45-m-pore-size (47-mm-diameter) nitrocellulose membranes
Whatman, Maidstone UK), using a vacuum system. The SAR was
alculated using the formula (with concentrations in meq  l−1)
Richards, 1954): SAR = (Na+)/[(Ca2+ + Mg2+)/2]1/2.
.4.2. Soil chemical analysis
The soil electrical conductivity and pH were measured on 1:2
w/v) and 1:2.5 (w/v) aqueous soil extracts, respectively. The avail-
ble phosphorus was determined using the sodium bicarbonate
ethod (Olsen et al., 1954), and the total organic carbon (TOC) was
etermined by oxidation with potassium dichromate titration of
eSO4, according to Walkley and Black (1934). The soluble NO3–N
nd NH4–N were determined according to Keeney and Nelson
1982).
All of the soil chemical parameters were used together with
he soil microbiological characteristics for multivariate analysis, to
etermine the effects of the two soil treatments (i.e., GW,  TW)  on
he dynamics of the bacterial communities.
.4.3. Yield and fruit qualitative analysis
During the harvest, the marketable and discarded fruit were
ounted and weighted, to estimate the different components of
he tomato yield: total yield (TY; Mg  ha−1), marketable yield (MY;
g ha−1), marketable fruit per plant (MYP; kg plant−1), nonmar-
etable yield (NMY; Mg  ha−1), and nonmarketable fruit per plant
NMYP; kg plant−1). On a sample of 10 marketable fruit from
ach plot, the following parameters were measured: mean diame-
er (equatorial and longitudinal diameter) (D; cm), soluble solids
ontent of the ﬂesh (SSC; ◦Brix), titratable acidity (TA; g citric
cid 100 ml−1 fresh juice) (AOAC, 1995), dry matter content (DM;
 fruit fresh matter) (AOAC 1990), a*/b* ratio (CI) (Jiménez-Cuesta
t al., 1981), and Ca2+, Na+, Mg2+, K+ and nitrate NO3− content.
The color parameters were measured using a CM-700d spec-
rophotometer (Minolta Camera Co. Ltd., Osaka, Japan), as the
IELAB coordinates (i.e., L*, a*, b*) on four randomly selected areas of
he fruit surface. Here, only the a*/b* ratio is reported, which repre-
ents an index that describes well the color changes of tomato fruit
Francis and Clydesdale, 1975; Favati et al., 2009).
The anion and cation contents were determined by ion-
xchange chromatography (Dionex ICS-1100, Dionex Corporation,
unnyvale, CA, USA). The anions were extracted from 0.5 g dried and
round samples, with 50 ml  3.5 mmol  l−1 Na2CO3 and 1.0 mmol  l−1
a2HCO3, and they were measured using an IonPac AG14 pre-
olumn and an IonPac AS14 separation column. The data are
xpressed as mg  100 g−1 fresh weight (fw). For the cations, 1.0 g
ried and ground samples was use for the ash in a mufﬂe fur-
ace at 550 ◦C, and then digested in 20 ml  1.0 mol  l−1 HCl in boiling
ater (99.5 ± 0.5 ◦C), for 30 min. The resulting solution was ﬁltered,
iluted, and analyzed using an IonPac CG12A guard column and
n IonPac CS12A analytical column. The data are expressed as mg
00 g−1 fw (Renna et al., 2013).
.5. Microbiological analysis
The GW and TW samples were analysed E. coli and fecal
nterococci enumeration, by the membrane ﬁltration method.
riplicate aliquots of 100, 10, 1.0 and 0.1 ml  of each water sam-
le were ﬁltered through 0.45-m-pore-sized (47-mm-diameter)
itrocellulose membranes (Whatman, Maidstone UK). For E. coli
numeration, the membranes were placed onto tryptone bile agar
ith X-glucuronide (TBX agar; Oxoid, Basingstoke, UK) and incu-
ated at 37 ◦C for 24 h. For fecal Enterococci enumeration, the
embranes were placed onto Slanetz & Bartley Agar (Oxoid, UK),
nd incubated at 37 ◦C for 48 h. The same water samples wereanagement 149 (2015) 33–43
also analyzed for Salmonella spp., with their detection performed
according to procedure UNI EN ISO 19250:2013.
The bacteriological analysis of the soil, plant and fruit samples
included determination of E. coli, fecal coliforms, and total het-
erotrophic counts (THCs). These analyses were conducted by the
spread plate method, as follows: 25.0 g of each sample was  weighed
and added to 225.0 ml buffered peptone water, homogenized in a
stomacher for 180 s, and stored at room temperature for 30 min
to allow bacterial cell recovery. Then serial 10-fold dilutions in
buffered peptone water were spread onto plates containing TBX
for E. coli, C-EC agar (Biolife) for fecal coliforms, and tryptic soy
agar for THC. The plates were incubated under different incuba-
tion temperatures (and times): 37 ◦C for E. coli (24 h), 44 ◦C for fecal
coliforms (48 h), and 22 ◦C for THC (72 h).
2.5.1. Quantiﬁcation of total soil eubacteria by quantitative PCR
DNA extractions from triplicate soil samples irrigated with
either GW or TW were performed with Powersoil DNA isolation
kit (MoBio, Ca USA), following the manufacturer protocol. The DNA
was eluted in 100 l elution buffer, and visualized on ethidium bro-
mide stained 1% agarose gels after electrophoresis, to assess the
yield and quality of the extracted DNA. The DNA was  quantiﬁed
with an Eon microplate spectrophotometer (Biotek, Winooski, VE,
USA) before further analyses.
Quantitative-PCR (q-PCR) analysis with universal primers tar-
geting the bacteria was performed to determine the total eubacteria
population in the soil. The primers and probes used were designed
in previous studies (Nadkarni et al., 2002). Ampliﬁcation and detec-
tion were performed using an AB 7300 real-time PCR system
(Applied Biosystems, Foster city CA, USA), with a ﬁnal reaction vol-
ume  of 25.0 l, which contained 100 nM of each primer, 150 nM
probe, and 2× Taqman Fast Advanced master mix (Applied Biosys-
tems). The cycling program was: 40 cycles of 15 s at 95 ◦C and 60 s
at 60 ◦C. Conversion of the 16S rRNA gene copy numbers to cell
numbers was carried out considering that bacteria have an average
of four copies per cell of the 16S rRNA gene.
2.5.2. Soil microbial community analysis by automated ribosomal
intergenic spacer analysis
To compare the soil microbial community compositions
under the two  different treatments (soil irrigated with GW
and TW), automated ribosomal intergenic spacer analysis
(ARISA) was  applied. Internal transcribed spacer (ITS) regions
of the soil microbial DNA were ampliﬁed using the primers
ITSF (5′-GTCGTAACAAGGTAGCCGTA-3′) and ITSReub (5′-
GCCAAGGCATCCACC-3′), labelled with 6-FAM, according to
the chemical and thermal ampliﬁcation protocol of Cardinale et al.
(2004). The three replicates of six PCR samples from the soils (T0,
T1, T2, T3, T4, T5) were sent to STAB Vida Lda (Caparica, Portugal) for
the capillary electrophoresis. Peak Scanner Software 1.0 (Applied
Biosystems) was  used to analyze the fragment data. The T0 and T1
soil samples were taken 1 week before transplanting and 15 days
after transplanting (just before starting the GW and TW irrigation),
respectively, and T2, T3, T4 and T5 were collected at intervals of
about one month (42, 69, 96 and 124 days from transplanting,
respectively). To obtain the output matrix, each fragment size
detected by ARISA was  converted to the nearest integer value, and
these were subsequently aligned according to their peaks, against
the rounded sizes of the fragments, using the Microsoft-Excel
macro Treeﬂap (Rees et al., 2004). The matrix was normalized and
root-square transformed for the statistical analysis.2.6. Statistical analysis
The measured data from each of the continuum variables relat-
ing to the qualitative/quantitative traits of the tomato fruit were
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rocessed statistically using analysis of variance (ANOVA). When
igniﬁcant effects were detected (P ≤ 0.05), mean multiple compar-
sons were performed according to Tukey’s tests. With reference to
he analyzed qualitative parameters, the Bartlett test conﬁrmed the
omogeneity of the variance among the harvest data, so a com-
ined statistical analysis was performed later. Furthermore, the
ariables related to the qualitative parameters of the tomato fruit
ere jointly considered in a multivariate approach, and statisti-
ally processed for canonical variates analysis (CVA), with the two
xperimental factors (water irrigation treatment and harvest data)
s the discriminating sources (Cooley and Lohnes, 1971; Sadocchi,
981; Gittins, 1985; Podani, 2007). Before performing the CVA, the
alues of each variable were correctly standardized. The ﬁrst two
anonical variates accounted for the larger part of the data variabil-
ty, and these were considered for further data interpretation. The
VA is represented graphically in a biplot, which considers both
he canonical standardized scores (corresponding to each multi-
ariate experimental datum) and the vectors (originating from the
entroids and recording the canonical standardized coefﬁcients).
inally, the ARISA data matrix and the standardized soil parameters
ere analyzed using canonical correspondence analysis (CCA). The
NOVA and CVA were performed using the JMP  software package,
ersion 8.1 (SAS Institute Inc., Cary, NC, USA). The CCA was per-
ormed using the PAST software in its default settings (Hammer
t al., 2001). All of the graphical representations were carried out
sing the SigmaPlot software (Systat Software, Chicago).
. Results and discussion
.1. Irrigation water properties
Table 2 shows the means of the physico-chemical characteristics
f GW and TW measured during the experimental trial. These anal-
ses show some speciﬁc differences in their compositions. TW was
2+ +haracterized by higher N (especially as NH4-N), P, Mg , and K
han GW,  which represent important nutrients for improving plant
rowth, soil fertility and crop yield. TW also showed higher organic
atter content than GW (as indicated by BOD5 and COD; Table 2).
able 2
eans of the main physico-chemical parameters measured during the experimental
eriod for the groundwater (GW) and the treated agro-industrial wastewater (TW)
sed for the tomato irrigation.
Water parameter Irrigation treatment Signiﬁcance
GW TW
Ph 7.63 ± 0.10 7.76 ± 0.09 ns
EC  (dS m−1) 0.69 ± 0.05 2.18 ± 0.12 *
TSS (mg  l−1) 3.26 ± 0.34 16.21 ± 2.24 *
NH4-N (mg  l−1) 0.04 ± 0.00 0.39 ± 0.10 *
NO3-N (mg  l−1) 29.06 ± 1.67 1.20 ± 0.23 *
NO2-N (mg  l−1) 0.02 ± 0.01 0.07 ± 0.02 *
PO4-P (mg  l−1) 0.10 ± 0.01 0.29 ± 0.02 *
BOD5 (mg  l−1) 9.33 ± 1.03 21.58 ± 1.62 *
COD (mg  l−1) 18.44 ± 1.62 39.73 ± 2.78 *
Na+ (mg  l−1) 33.53 ± 0.54 219.85 ± 6.05 *
Ca2+ (mg  l−1) 52.82 ± 3.23 85.27 ± 1.24 *
Mg2+ (mg  l−1) 8.90 ± 0.20 10.25 ± 0.12 *
K+ (mg  l−1) 9.35 ± 0.16 41.17 ± 1.96 *
CO32− (mg  l−1) 171.50 ± 5.32 193.67 ± 11.89 ns
HCO3− (mg  l−1) 257.89 ± 2.85 254.23 ± 21.57 ns
SO4− (mg  l−1) 30.17 ± 1.30 31.84 ± 0.85 ns
SAR  1.13 ± 0.03 5.99 ± 0.18 *
Hardness (mg  l−1 CaCO3) 168.57 ± 7.79 255.20 ± 3.54 *
ata are means ± standard errors for each analyzed trait, determined on 15 samples
or each irrigation water treatment (1 sample per water treatment ×3 replicates ×5
ampling dates).
* Statistically signiﬁcant at P ≤ 0.05; ns, not signiﬁcant.
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These higher nutrient levels in TW compared to GW indicate that
this TW can provide an important source of plant nutrients for the
soil, and can contribute to crop growth.
However, of note, the NO3–N of GW was signiﬁcantly higher
(29.06 mg  l−1) than for TW (1.20 mg  l−1) (Table 2). This elevated
NO3–N in GW appears to be due to an important nitrate contami-
nation problem of the aquifer in the study area, where the intensive
agricultural activity has led to the common and diffuse practice of
extensive nitrogen fertilizer application to the various crops. This
elevated NO3–N content in GW represents an important source of
nutrient for the plants, but generally it is not taken into account by
the farmers when applying fertilizers. The resulting nitrogen sur-
plus in the soil is then particularly exposed to the risk of leaching,
thus increasing the environmental problem of nitrate pollution.
TW also showed higher Na+, Ca2+, Mg2+, SAR, EC, and TSS than
GW (Table 2). If the SAR is related to the EC (Ayers and Westcot,
1985) of TW,  it appears that there is no limit to its agricultural
application, and there would be no reduction in its rate of inﬁltra-
tion into the soil. Both GW and TW were alkaline, with a higher
pH for GW than TW (although not signiﬁcantly higher). The other
parameters analyzed showed similar levels in GW and TW,  and in
general, the values for these main physico-chemical water prop-
erties met  the Italian standards for wastewater re-use (Ministerial
Decree no. 185/2003).
3.2. Effects of irrigation water on qualitative/quantitative traits of
tomato yield
Table 3 gives the ANOVA data with reference to the inﬂuence
of the water irrigation treatments on the productive traits of the
tomato crop. These traits are related to the combined harvest dates
(i.e., the cumulative yields).
For GW,  MY  was  higher (82.88 Mg  ha−1), although not signiﬁ-
cantly so, than for TW (79.05 Mg  ha−1). This appears to be mainly
due to the higher NMY  for TW (6.26 Mg  ha−1) with respect to GW
(4.66 Mg  ha−1). The MY  recorded at the end of the tomato crop cycle
is roughly in agreement with results obtained in other experimen-
tal trials carried out in other Italian regions (Aiello et al., 2007).
The MY  obtained from a tomato crop (variety ‘Missouri’) irrigated
with fresh water by Aiello et al. (2007) was higher than that irri-
gated with wastewater. On the contrary, in the same study, for a
different tomato variety (i.e., ‘Incas’), the use of urban wastewater
irrigation produced an increase in MY  compared to the same tomato
variety irrigated with fresh water (Aiello et al., 2007). Under the
experimental conditions of the present study, this cultivar ‘Manyla’
tomato crop showed a lower yield than for this other study. This
might be due to differences in the genetic constitution of the cul-
tivars used, or to the type of treated wastewater applied and the
pedo-environmental conditions of the cultivation area.
Table 4 shows the means for the qualitative traits of the tomato
yield with respect to the two  experimental factors, the water
irrigation treatments and the harvest data. The irrigation treat-
ments and the harvest data did not show any signiﬁcant effects in
their interactions. The different water irrigation treatments signif-
icantly (P ≤ 0.05) affected the pH of the tomato fruit, with a higher
pH for GW (4.54) compared to TW (4.35). This pH parameter is
very important, because it can strongly inﬂuence the effective-
ness of thermal processes carried out on tomato fruit during their
industrial transformation (Garcia and Barret, 2006). The pHs in the
present study are comparable to those of another study related to
the inﬂuence of irrigation and organic fertilization on fruit qual-
ity for tomato (Madrid et al., 2009); this other study showed a pH
from 4.32 to 4.56, with the higher value in the fertilizer treatments
(compared to the nontreated control).
The crop DM and SSC were not different between the GW and
TW irrigation treatments (7.52% vs. 7.44%; 5.73 vs. 5.53 ◦Brix;
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Table  3
Inﬂuence of the groundwater (GW) and the treated agro-industrial wastewater (TW) used for the tomato irrigation on some of the quantitative traits of the tomato fruit.
Treatment Quantitative traita
Total yield Marketable yield Nonmarketable yield
(Mg  ha−1) Total (Mg ha−1) Per plant (kg plant−1) Total (Mg  ha−1) Per plant (kg plant−1)
GW 87.54 ± 10.37a 82.88 ± 9.47a 3.06 ± 0.29a 4.66 ± 0.89a 0.17 ± 0.05a
TW 85.32 ± 5.01a 79.05 ± 4.76a 2.93 ± 0.15a 6.26 ± 0.61a 0.23 ± 0.03a
Signiﬁcance ns ns ns ns ns
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tata are means ± standard error, as measured from 162 plants (54 plants per plot ×
s,  not signiﬁcant.
a Means followed by the same letters in each column are not signiﬁcantly differe
espectively; Table 4). These data are in agreement with Turhan
nd Seniz (2009), who reported DM ranging from 4% to 7%, and SSC
anging from 3.3 ◦Brix to 5.5 ◦Brix for 33 genotypes of tomatoes
ultivated in the Mediterranean region. However, our data here
re lower than in another study (Sgherri et al., 2008), where for
he Cherry tomato ‘Dulcito RZ’ grown in greenhouses, DM and SSC
ere 10% to 12% and 9 ◦Brix to 10 ◦Brix, respectively. However, in
tudies on the effects of irrigation on productivity and fruit qual-
ty of tomatoes produced under different water regimes, Patanè
t al. (2011) and Favati et al. (2009) reported lower DM and SSC
han in the present study. These differences will mainly be due to
he different genotypes used (Sgherri et al., 2007, 2008), and the
nvironmental drought (Mahajan and Singh, 2006; Soraya et al.,
001) and climate conditions (e.g., temperature, CO2 concentra-
ion, light conditions). High DM and SSC might have important
ositive implications for the tomato canning and processing indus-
ry (Richardson and Hobson, 2006; Favati et al., 2009), as it is well
nown that tomatoes with high SSC improve the processing efﬁ-
iency, as less energy is needed to evaporate the water from the
omatoes when producing paste, concentrated juice, and dried or
emi-dried tomatoes.
For the D, CI and TA parameters (Table 4), there were no signif-
cant differences between the TW and GW treatments, and these
ean data are in agreement with other studies for similar tomato
enotypes (Madrid et al., 2009; Mahajan and Singh, 2006).
Among the mineral components of the tomato fruit (i.e., Ca2+,
g2+, K+, Na+, NO3−), only the Na+ and NO3− content showed dif-
erences with respect to water irrigation factors (Table 4). The Na+
ontent of the fruit was higher for TW than GW (11.05 vs. 9.15 mg
00 g−1, respectively); this is probably related to the higher con-
ent of Na+ in TW compared to GW (see Table 2). Finally here, the
O3− content in the tomato fruit was higher for the GW treatment
1.32 mg  100 g−1) than for TW (0.92 mg  100 g−1), which is in agree-
ent with the higher NO3–N in GW,  and it is also much lower than
hat deﬁned in the European guidelines (Reg. CE n. 1881/2006; Reg.
E n. 1258/2011). Except for the Ca2+ and Na+ contents, our data
re in agreement with the mineral data for tomato fruit reported
n other studies (Suárez et al., 2007; Guil-Guerrero and Rebolloso-
uentes, 2008).
For the harvest data experimental factor, only the means of the
, TA, pH and Na+ parameters were signiﬁcantly different. Across
ll of the harvest data, D had a mean that ranged from 3.82 cm
o 5.04 cm,  and was signiﬁcantly higher for HD1 than for the rest
f the harvest dates (HD2–4). This can be explained by the posi-
ion of the tomato fruit on the plant during the ﬁrst harvest (HD1).
ndeed, our data are in agreement with the consolidated literature,
n which it has been stated that the size and shape of a fruit can also
ary in relation to the position of the fruit within the plant and the
equence of pollination among the ﬂowers (Sawhney and Greyson,
972; Bohner and Bangerth, 1988). In particular, it has been shown
hat the ﬁrst fruit on the ﬁrst truss is generally larger in size than
he rest, and that it can also be multilocular, which further supports
he relationship between locule number and fruit size.licates).
 0.05; Tukey tests).
The TA fruit content was between 0.4 g 100 ml−1 and 0.19 g
100 ml−1 across the harvest dates, with a signiﬁcant difference
between the ﬁrst two  harvest dates (HD1 vs. HD2). The TA for HD3
and HD4 (0.32 vs. 0.30 g 100 ml−1, respectively) were not different.
The pHs were within the range of 4.36 to 4.60, at HD1 and HD4,
respectively.
For the ionic components of the fruit, the Na+ content gradu-
ally increased with the later harvest dates, from 7.21 mg 100 g−1 to
14.46 mg 100 g−1 for HD1 and HD4, respectively. As already indi-
cate above, this increase in Na+ is probably due to the high Na+ in
the water irrigation treatments (and particularly for TW)  and will
parallel the progressive Na+ accumulation in the soil.
3.2.1. Canonical analysis on the qualitative composition of the
tomato fruit
The ANOVA results reported above show the effects of
experimental factors on each qualitative variable separately. A mul-
tivariate approach analysis allowed us to integrate these data to
evaluate which of the qualitative variables (considered simulta-
neously) contributes most to the group differences (experimental
factors). According to the CVA, the eleven original qualitative vari-
ables related to the qualitative traits of the tomato fruit were
reduced to two  canonical variates that represent 76.2% of the total
data variability: 53.1% for the ﬁrst (CAN1), and 23.1% for the second
(CAN2) (Table 5). On the basis of the large amount of overall vari-
ability explained by CAN1, this can be considered as a ‘multivariate
qualitative index’ of the tomato fruit.
To correctly interpret the relationships between canonical vari-
ates (CANj) and the original variables (Vi), it is important to recall
that the CANj are linear combinations of the original variables and
that the canonical coefﬁcients maximize the discrimination among
the experimental factors considered using canonical coefﬁcients.
The original variable Vi with the largest standardized canonical
coefﬁcient has, indeed, the strongest impact on the canonical vari-
ates CANj.
CAN1 was  positively affected by pH and NO3− content (scores,
0.975 and 0.589, respectively), and negatively affected by the D
and a*/b* ratio (CI) parameters (scores, −1.167 and −0.493, respec-
tively) (Table 5). The other Vi contributed to a limited extent to
deﬁning CAN1 (low canonical scores). CAN2, instead, was  mainly
deﬁned by the Na+ content (score, 0.856), and to a different extent
by pH and D of the fruit (scores, −1.051 and −0.505, respectively).
Coherent information can also be derived from the correlation
matrix (Table 6) between the ‘old’ original variables (Vi) and the
‘new’ canonical variables (CANj). The higher the correlation coefﬁ-
cient between Vi and CANj, the stronger the inﬂuence that Vi has on
CANj. These considerations can be easily seen using biplot graphs
(Fig. 2) by considering the length and orientation of the ‘vectors’.
The biplots represent the effects of the discriminating experimen-
tal factors (irrigation water treatment and harvest date) on the
qualitative characteristics of the tomato fruit.
Among the original qualitative variables considered in the CVA,
those that affected CAN1 (pH, NO3-, D) and CAN2 (Na+, D, pH)
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Table 5
Standardized coefﬁcients (scores) for the ﬁrst two canonical variates (CANj),
considering the qualitative properties of the tomato fruit. The corresponding
percentages of accounted variation are also reported.
Original variable (Vi) Standardized canonical
coefﬁcients
CAN1 CAN2
Mean diameter (D) −1.167 −0.505
a*/b* ratio (CI) −0.493 0.199
Soluble solids content of the ﬂesh (SSC) 0.001 0.098
pH  of the ﬂesh 0.975 −1.051
Titratable acidity (TA) −0.137 0.343
Dry  matter (DM) 0.057 −0.074
Nitrate content (NO3−) 0.589 −0.226
Sodium content (Na+) −0.101 0.856
Potassium content (K+) −0.012 −0.113
Magnesium content (Mg2+) −0.272 0.101
Calcium content (Ca2+) 0.187 0.070
Percentage explained variation 53.1 23.1
Percentage cumulative variation 53.1 76.2
Table 6
Correlation matrix (Pearson coefﬁcients) between the quality parameters of the
tomato fruit and the two  canonical variables extracted (CAN1 and CAN2).
Original variables (Vi) Canonical variables
CAN1 CAN2
Mean diameter (D) −0.84** −0.42*
a*/b* ratio (CI) −0.39 −0.12
Soluble solids content of the ﬂesh (SSC) 0.40 0.06
pH of the ﬂesh 0.64** −0.61*
Titratable acidity (TA) −0.29 0.32
Dry matter (DM) 0.24 −0.24
Nitrate content (NO3−) 0.41* −0.39
Sodium content (Na+) −0.36 0.55*
Potassium content (K+) −0.09 −0.11
Magnesium content (Mg2+) −0.26 0.16
Calcium content (Ca2+) 0.30 0.15
CAN1 1 0
CAN2 0 1
* P ≤ 0.05.
** P ≤ 0.001.
Fig. 2. Canonical analysis of the qualitative parameters of the tomato fruit using the
harvest data (HDj) and the water irrigation treatments (GW, TW)  as the discriminant
variables. For abbreviations, see main text. Horizontal and vertical bars indicate
standard errors of three replicates.
40 G. Gatta et al. / Agricultural Water M
Table  7
Enumeration of the bacterial indicators in the water, soil, plant and fruit samples
according to the groundwater (GW) and the treated agro-industrial wastewater
(TW) irrigation.
Source Irrigation Treatment Signiﬁcance
Bacterial indicator GW TW
Water (CFU 100 ml−1)
E. coli 7 4400 **
Fecal coliforms 9 3800 **
Soil (CFU g−1)
E. coli n.d. n.d.
Fecal Enterococci 1230 1360 ns
Total heterotrophic counts 3.69 × 106 4.02 × 106 ns
Soil  q-PCR (cells g−1)
Total eubacteria 4.86 × 107 16.2 × 107 *
Plant (CFU g−1)
E. coli n.d. n.d.
Fecal Enterococci 150 183 ns
Total heterotrophic counts 18,400 16,400 ns
Fruit (CFU g−1)
E. coli n.d. n.d.
Fecal Enterococci 173 237 ns
Total heterotrophic counts 5500 17,800 ns
* P ≤ 0.05.
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3.3.1. Effects on soil microbial communities** P ≤ 0.01.
s, Not signiﬁcant n.d., not detected.
ere the same ones that better discriminated between the exper-
mental factors (irrigation water treatment and harvest date), in
greement with the ANOVA results (see Table 4). In particular, Na+
ontent allowed discrimination of the irrigation treatment with
W,  while NO3− content and pH of the fruit allow identiﬁcation of
he irrigation treatment with GW.  Thus, from the GW to TW water
reatments, there is a marked increase in the Na+ content and a
orresponding decrease in both pH and NO3− content.
Considering the ﬁrst canonical axis, the high D (low CAN1) dis-
riminates between the ﬁrst two harvest dates (HD1 vs. HD2), while
H identiﬁes the third harvest date (HD3). Finally, the last harvest
ate (HD4) is characterized by a lower D (i.e., its position is dis-
ant from D; Fig. 2). The other quality traits (DM, CI, SSC, Ca2+,
g2+, K+) showed low contributions to the discrimination of the
xperimental groups (irrigation water treatment and harvest date),
onsidering the length of their ‘vectors’.
In general, the results of the multivariate analysis show that
H and NO3− allow better differentiation between the two  water
rrigation treatments, while D and pH allow better differentiation
etween (most of) the harvest dates.
.3. Effects on microbial indicators
With the aim of evaluating the safety aspects related to the
se of these different qualities of irrigation water for tomato crop
rrigation, several microbial analyses were conducted, as reported
n Table 7. For TW,  the mean E. coli and fecal Enterococci counts
ere 4400 and 3800 CFU 100 ml−1, respectively. These are well
bove the Italian limits for treated wastewater re-use (Ministerial
ecree no. 185/2003). These data are in agreement with the objec-
ive of the present study, as we intentionally provided an input of
on-chlorinated treated wastewater to also be able to evaluate any
ffects on the soil and plant microbiological quality.
GW was almost free of fecal indicators, with 7 CFU 100 ml−1
nd 9 CFU 100 ml−1 for E. coli and fecal Enterococci,  respectively.
almonella spp. was not isolated in any of the water samples. In
hat case the microbiological parameters are in line with the above
ited legislation limits.anagement 149 (2015) 33–43
For the irrigated soil, the level of fecal coliform counts was
almost identical for GW treatment and TW treatment. The total
heterotrophic plate counts (THC) showed a lower level in the soil
irrigated with TW than GW (4.02 × 106 and 3.69 × 106, respec-
tively), although this was  not signiﬁcant (P > 0.05). Salmonella spp.
was not isolated in any of these water samples, and thus here the
microbiological parameters are in line with the above-cited legis-
lation limits.
When q-PCR was applied, the total bacterial level of
TW (16.2 × 107 cells g−1) was  signiﬁcantly higher than GW
(4.86 × 107 cells g−1) (P ≤ 0.05), Moreover the q-PCR count esti-
mated the total (viable and nonviable) bacterial populations in the
soil as >1 log CFU g−1 than the viable cell count. The marked dif-
ferences between the bacterial cultivation method (THC) and the
molecular method (q-PCR) in assessing the total bacterial popula-
tion arises from the higher sensitivity of the q-PCR, as a narrower
range of the total bacterial population can be cultivable on syn-
thetic media. E. coli was not isolated in any of the soil samples,
independent of the water used for irrigation.
The data related to fecal coliforms and THC in the soil are in
agreement with Benami et al. (2013), who  assessed soil irrigated
with treated ‘gray’ water and with fresh water. Other studies have
reported that the level of fecal indicators in soil irrigated with raw or
treated wastewater can signiﬁcantly differ from that with freshwa-
ter application (Malkawi and Mohamad, 2003; Travis et al., 2010).
It also needs to be considered that in the study of Malkawi and
Mohamad (2003) there were no fecal coliforms recorded in the soil
before the irrigation with fresh water, and thus sources other than
water can affect this indicator. With Travis et al. (2010), the levels
of fecal coliforms in soil irrigated with untreated or treated gray
water was always below 100 CFU g−1.
Considering that E. coli was  not isolated from any of the soil
samples in the present study, it is possible that the die-off, or at
least the loss of cultivability, of this important indicator in the
present ﬁeld study occurred faster than previously reported (Lang
et al., 2007; Van Elsas et al., 2011). However, it is more likely that
the levels of viable and cultivable E. coli under these given envi-
ronmental conditions were below the sensitivity of the method
applied (102 CFU g−1) (Samarajeewa et al., 2010). Analogous data
were obtained for the plant and fruit here, as no E. coli was  isolated
from either, and the levels of fecal coliforms and THC were relatively
low and not inﬂuenced by the water used for irrigation (P > 0.05).
These data are in agreement with other studies (Cirelli et al., 2012),
in which only fruit samples (tomato and eggplant) directly in con-
tact with the soil where contaminated by fecal bacteria. Wood et al.
(2010) showed that the decline in E. coli on the surface of spray-
irrigated spinach was considerably rapid (3–5 log reduction in 72 h,
and no isolation after 6 days). Another study reported that in the
summer months, which are characterized by higher sunlight expo-
sure of the crops, there was a more rapid decay of both the indicator
and pathogenic microorganisms (Sidhu et al., 2008). In the present
study, there was  no particular increase in the microbial contam-
ination for the TW-treated tomato crops. We would thus argue
that
the good microbial quality of tomato fruits, (no E. coli, very
low fecal coliforms, no Salmonella spp.), can be seen as the posi-
tive consequence of several factors: among the principal ones, the
drip irrigation system, the summer month with increased UV radi-
ation exposure of fruit and leaves surfaces. Also, the interval time
between irrigation and sampling may  have contributed to reduce
the effect of treated wastewater on the microbial load of fruits.Apart from the possible contamination by fecal microorganisms,
our aim was  also to determine the short-term impact of irrigation
with wastewater on the soil microbial communities of this tomato
G. Gatta et al. / Agricultural Water M
Fig. 3. Canonical correspondence analysis base on the ARISA matrix and the
chemical soil parameters. For abbreviations, see main text. T0, sampling before trans-
planting; T1, sampling 15 days after transplanting and before the water irrigation
treatments; T2, T3, T4 and T5, sampling at 42, 69, 96 and 124 days after transplanting,
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resources management” (In.Te.R.R.A.—contract no. 01-01480),espectively.
ropping system. The CCA of the ARISA matrix show many interest-
ng aspects related to the dynamics of the bacterial communities in
he soil (Fig. 3).
There was a partial separation of the T0 samples (soil sam-
led 1 week before transplanting) from the later time points. The
1 (15 days after transplanting, but before starting GW and TW
rrigation) and T2 (42 days after transplanting; 27 days of GW or
W irrigation) time points clustered together, with the T0 samples
earby. Both the T1 and T2 time points and T0 were affected by TOC,
ut not by ammonia or phosphorous. The partial shift from T0 to the
1/T2 clusters might indicate a rhizosphere effect on the soil micro-
ial community, and that this effect is stronger than the irrigation
ethodology. Hence, this would mean that in the early stages of
ultivation, the root exudates of tomato plant are the more impor-
ant factor in shaping the bacterial communities, with respect to the
ater treatments used. Indeed, root exudates are known to contain
ompounds that can exert stimulatory and inhibitory inﬂuences
n rhizosphere microbial community structure and composition
Dennis et al., 2010; Hartmann et al., 2009).
Even if soil pH is generally considered a major factor in con-
rolling the soil microbial diversity and composition across a wide
ange of habitats (Fierer and Jackson, 2006), in the present study,
H did not appear to be an important contributor to the micro-
ial community structures, which is also in agreement with other
tudies on tomato cropping systems (Buyer et al., 2010).
After almost a month of GW or TW irrigation, at T2, the ﬁrst sep-
ration between the GW and TW samples is seen, which suggests
hat these different irrigation waters do affect the microbial com-
unities, and even after this relatively short irrigation period. From
3 (69 days after transplanting; 54 days of GW or TW irrigation),
here is a clear and signiﬁcant separation between GW and TW,
nd this separation becomes stronger as time progresses. The TW
amples show the greater effects, which are evidently correlated
o nitrogen (both as ammonia and nitrates), phosphorous and the
ater conductivity.
The diverging ARISA patterns of the microbial communities after30 days of irrigation with these different water sources (i.e., from
2) is in agreement with other studies. Mosse et al. (2012), sug-
ested that it takes >16 days for the effects of the water applicationanagement 149 (2015) 33–43 41
on the soil microbial community to become apparent. Despite
the strong differences in the fecal indicators in the GW and TW
waters and the marked shift of the soil microbial communities, the
microbiological quality of the ﬁnal product (and of the plant) were
not signiﬁcantly different. In a recent study, Telias et al. (2011)
investigated the bacterial community diversity and variation on
the surface of tomato fruit by culture-independent methods (i.e.,
pyrosequencing). They found that even if water with very different
microbial characteristics is used for long periods of spraying of the
tomato surfaces, this did not have any signiﬁcant impact on the bac-
terial composition of the tomato fruit surface. Another study aimed
to evaluate the potential transfer of enteric bacteria from the soil to
the plants by soil splash created by rain-sized droplets (Monaghan
and Hutchison, 2012). In this case, both the transfer and survival of
artiﬁcially inoculated human pathogens occurred, even if the per-
sistence was considerably reduced during the summer months. In
the present study, notwithstanding the high input of enteric bacte-
ria into soil, when TW was used, the microbiological quality of ﬁnal
product was  not compromised.
4. Conclusions
In the present study, we wanted to evaluate the use of
agro-industrial wastewater in a closed circle system where an agri-
culture and food manufacturing company produces and processes
tomatoes. The aim was  to determine whether TW from the com-
pany can be used for tomato cropping without compromising the
quality and safety of the ﬁnal product.
Our data have revealed many interesting aspects: (i) the yields of
the tomato fruit irrigated with TW were not signiﬁcantly different
from those obtained when the crop was  irrigated with GW;  (ii) for
both the GW and TW irrigation treatments, the most important
morpho-qualitative parameters of the processing tomato fruit (i.e.,
dry matter content, pH, soluble solid content, color parameters)
were in agreement with those reported in the literature; and (iii)
tomatoes microbial quality was  very good for all the thesis stated,
even when treated agro-industrial wastewaters were used. That
was made possible by combining an accurate control of irrigation
treatments with good agricultural practices.
Even if all of the fecal indicators monitored were well over
the threshold of the Italian legislation limit for irrigation re-use
of TW,  the possible die-off of E. coli in the soil and the low levels of
total coliforms in the soil and plants are of particular interest. To a
broader extent, the community composition and the dynamics of
the whole bacterial population in the soil was  affected by the dif-
ferent qualities of the GW and TW that were used for the tomato
crop irrigation.
The present study focused on a comprehensive multidisci-
plinary approach for the assessment of product quality and safety
during a single crop cycle, to evaluate the short-term effects on
the use of TW from the food industry. These data are encourag-
ing, even though they are based on a relatively short period of
observation. Further studies are being planned to determine the
mid-to-long-term effects in the same experimental ﬁeld.
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